Magnetic properties of the quasi-two-dimensional S — \ Heisenberg antiferromagnet 

[Cu(pyz) 2 (HF 2 )]PF 6 



E. Cizmar, 1 ' 2 S. A. Zvyagin, 1 R. Beyer, 1 M. Uhlarz, 1 M. Ozerov, 1 
Y. Skourski, 1 J. L. Manson, 3 J. A. Schlueter, 4 and J. Wosnitza 1 
1 Hochfeld-Magnetlabor Dresden (HLD), FZ Dresden-Rossendorf, D-01314 Dresden, Germany 
2 Centre of Low Temperature Physics, P.J. Safdrik University, SK-041 54 Kosice, Slovakia 
s Department of Chemistry and Biochemistry, Eastern Washington University, Cheney, WA 99004, USA 
^Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA 

(Dated: November 23, 2009) 

We report on high-field magnetization, specific-heat and electron spin resonance (ESR) stud- 
ies of the quasi-two-dimensional spin-1/2 Heisenberg antiferromagnet [Cu(pyz)2(HF2)]PF6- The 
frequency-field diagram of ESR modes below Tm = 4.38 K is described in the frame of the mean- 
field theory, confirming a collinear magnetic structure with an easy-plane anisotropy. The obtained 
results allowed us to determine the anisotropy /exchange interaction ratio, A/ J = 0.003, and the up- 
per limit for the inter/intra-plane exchange-interaction ratio, J'/J = 1/16. It is argued that despite 
the onset of 3D long-range magnetic ordering the magnetic properties of this material (including 
high-magnetic-field magnetization and non-monotonic field dependence of the Neel temperature) 
are strongly affected by two-dimensional spin correlations. 

PACS numbers: 75.30.Et, 75.30.Gw, 75.50.Ee, 76.30.-v, 76.50.+g 



I. INTRODUCTION 

Recently, a considerable amount of attention has been 
devoted to the theoretical and experimental investiga- 
tion of two-dimensional (2D) quantum spin systems. 
In case of the ideal 2D Heisenberg antiferromagnet 
(AF) on a square lattice, the magnetic long-range or- 
der is suppressed by zero-point fluctuations at any fi- 
nite temperature^ However, the presence of an easy-axis 
anisotropy can induce a finite-temperature phase transi- 
tion into the Neel ordered stated On the other hand, for 
an easy-plane anisotropy, a transition of the Berezinski- 
Kosterlitz-Thouless (BKT) type^i 3 -^ was proposed, where 
the high-temperature disordered phase can be described 
as a gas of vortices. Below the BKT transition (Tbkt), 
the vortices are bound in vortex-antivortex pairs, and the 
spin-spin correlation decay changes from exponential to 
algebraic^ A crossover from the isotropic to XY behavior 
in low fields has been predicted for 2D Heisenberg AF. 6,7 

Interplane interactions (which are always present in 
real materials) can significantly modify the ground-state 
properties of quasi-2D systems, inducing for instance 
a phase transition with three-dimensional (3D) long- 
range magnetic order. Due to the onset of 3D ordering 
in most real materials, the critical behavior of diverging 
quantities as anticipated for ideal 2D systems at Tbkt 
is hardly observable experimentally. 

The quasi-2D Heisenberg AF model with interplane 
interactions can be described by the Hamiltonian 

H = J J2 Si-Sj + J' Si-Sj-/3]rSf, (1) 

<i,j>ab <i,j>a i 

with P — g/i^B, where \xb is the Bohr magneton, J 
and J' are the intra- and interplane exchange inter- 
actions, respectively, and < i, j > a b and < i,j > c cor- 
respond to nearest-neighbor spin pairs formed in the 



directions parallel and perpendicular to the 5=1/2 
planes, respectively. The variation of the ratio J'/J al- 
lows to study nicely the rich phase diagram of quasi- 
2D magnetic systems, including the transition from 
a 2D Heisenberg AF (J'/J = 0) to the 3D Heisen- 
berg AF (J'/J = 1). Remarkably, even in pres- 
ence of relatively strong interplane interactions, the 2D 
quantum fluctuations can significantly affect the mag- 
netic properties of such systems, 8 resulting, for instance, 
in a peculiar non-monotonic field dependence of the 
ordering temperature. Such a behavior has recently 
been observed in the quasi-2D square-lattice Heisen- 
berg AF [Cu(C 4 H4N2)2(HF 2 )]BF4^ and in the spa- 
tially anisotropic triangular magnet Cu(tn)Ci2r^ where 
tn is 1,3-diaminopropane (C3H10N2). 

Here, we report on magnetic properties of single- 
crystalline samples of [Cu(pyz)2(HF2)]PFg, which is re- 
garded as a nearly perfect realization of a quasi-2D S = 
1/2 Heisenberg AF. Comprehensive specific- heat, high- 
field magnetization and electron spin resonance (ESR) 
studies allow us to identify a long-range ordered Neel 
state with easy-plane anisotropy and to accurately esti- 
mate the spin-Hamiltonian parameters. We show that 
in spite of the onset of the 3D ordered state below TV, 
the magnetic properties of [Cu(pyz) 2 (HF 2 )]PF 6 are still 
significantly affected by 2D spin correlations. 

II. EXPERIMENTAL DETAILS 

The measurements have been performed at the 
Dresden High Magnetic Field Laboratory (Hochfeld- 
Magnetlabor Dresden, HLD). The pulsed-field magneti- 
zation was obtained by integrating the voltage induced 
in a compensated pick-up coil system containing a sam- 
ple. The low-field magnetization below 7 T was mea- 
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FIG. 1: (Color online) Structure of [Cu(pyz) 2 (HF 2 )]PF 6 
viewed along the b axis. 



sured using a commercial SQUID magnetometer. The 
specific-heat measurements were performed using a con- 
tinuous relaxation-time technique . 11 ' 12 For the X-band 
ESR measurements a Bruker ELEXSYS E500 spectrom- 
eter operating at a frequency of 9.4 GHz was used. The 
ESR experiments in the frequency range 36 — 250 GHz 
were performed at temperatures down to 1.3 K using 
a tunable-frequency home-made ESR spectrometer (sim- 
ilar to that described in Ref. Hit ) equipped with a 16 T 
high- homogeneity superconducting magnet. In our ex- 
periments we used single crystals with a typical size of 
4x3x1 mm 3 , synthesized by aqueous reaction of stoichio- 
metric amounts of ammonium bifluoride, pyrazine, and 
copper (II) hexafluorophosphate hydrate (using the same 
procedure as reported in Ref. I9IIT4I) 



III. RESULTS AND DISCUSSION 

[Cu(pyz) 2 (HF2)]PF 6 , where pyz is pyrazine (C4H4N2), 
crystallizes in a tetragonal lattice (space group P4/nmm; 
Z = 1). The structure consists of square-lattice planes 
of Cu 2+ ions bridged by pyz groups in the ab plane (Fig. 
[T]) . The planes are connected by HF 2 groups along the c 
axis. The planes of the pyz groups are nearly orthogonal 
to the Cu 2+ planes. The non-coordinating PFg groups 
pack in between the planes, in the center of almost cubic 
units 
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The magnetization of [Cu(pyz)2(HF2)]PFg was mea- 
sured at 1.5 K in magnetic fields up to 50 T applied 
parallel and perpendicular to the c axis (Fig. The 
fully spin-polarized state was observed at Bf = 37.5 T 
and B c c = 33.8 T for B\\ab and B\\c, respectively. In the 
scaled plot of Fig. [21 it becomes obvious that the magne- 
tizations for different magnetic-field orientations coincide 
nicely. This means that the magnetization anisotropy is 
solely determined by the (/-factor anisotropy. The numer- 
ically calculated magnetization for an S = 1/2 2D square- 
lattice Heisenberg AF with an intraplane exchange in- 
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FIG. 2: (Color online) (a) High-field magnetization of 
[Cu(pyz)2(HF2)]PF6 (dashed and dotted lines correspond to 
B\\ab and B\\c, respectively) as a function of gB, where B is 
the applied magnetic field and the (/-factors are g c = 2.28 and 
g a b = 2.05, as determined by X-band ESR measurements. 
The calculated magnetization for an S = 1/2 2D square- 
lattice Heisenberg AF is shown by the solid line, (b) The same 
data in an expanded scale close to saturation with additional 
model calculations assuming a finite interplane interaction. 



teraction J/ks = 12.8 K (Refs. Il5lfl6l ) is in very good 
agreement with our data (Fig. [2]). In order to estimate 
the ratio J'/J, calculations using this model with differ- 
ent interplane interactions have been made [Fig.^b)]. 15 
By comparison with our data it can be concluded that 
J'/J must be less than 1/16. 

The high-resolution spccific-hcat measurements al- 
lowed to clearly resolve the 3D AF ordering temper- 
ature in zero and applied magnetic fields up to 14 T 
[Fig.[3£a)]. Using the local maximum of the specific-heat 
anomaly, the B — T phase diagram has been extracted. 
Figure [3Jb) shows the result together with data calcu- 
lated for an ideal 2D Heisenberg AF system (J 7 = 0) with 
J/ks — 12.8 The theory^ predicts that an applied 
magnetic field suppresses fluctuations of the spin z com- 
ponent. As a result, an effective easy-plane anisotropy is 
induced in the system, accompanied by the rise of TV- 
On the other hand, for sufficiently strong magnetic field, 
the spin-canting effect prevails. Then, the critical tem- 
perature decreases and vanishes eventually at the satura- 
tion field, when the fully spin-polarized state is reached. 
The measured non-monotonic B — T phase diagram of 
[Cu(pyz)2(HF2)]PF6 can be nicely explained by modify- 
ing above model with a weak interplane interaction. As 
a threshold for the observation of a A-like anomaly in the 
specific heat, J'/J < 0.015 has been given in Ref. [iH 
This ratio is very close to that, J'/J = 0.01, estimated 
from previous experiments on powdered samples. 15 

In the range 0.001< J'/ J<1 the interplane coupling can 
be estimated employing the following formula 17 

T N = Airps/ [2.43 - ln( J'/ J)} , (2) 

where ps — 0.183 J is the spin stiffness for a 2D system. 
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FIG. 3: (Color online) (a) Temperature dependence of the 
specific heat of [Cu(pyz)2(HF2)]PF6 for B\\ab (blue symbols) 
and B\\c (red symbols). The experimental data are shifted 
by 1 Jmol _1 K _1 per Tesla. (b) The B — T phase diagram 
of [Cu(pyz)2(HF2)]PFg obtained from the specific-heat data 
(full symbols) shown together with the calculated phase dia- 
gram for the ideal 2D case with J' — (open symbols).— Lines 
are guides to the eye. 



Using the exchange coupling, obtained from the high-field 
magnetization data, and Tjy = 4.38 K we find J'/ J = 
0.014, which is in excellent agreement with our previous 
estimate. 

ESR is a powerful technique to determine the magnetic 
structure and the effective spin-Hamiltonian parameters 
of in exchange-coupled spin systems. At room tempera- 
ture, a single ESR line was observed for all field orienta- 
tions with a typical sinusoidal angular dependence of the 
g-factor expected for a Cu 2+ ion in an octahedral sur- 
rounding with an axial symmetry due to the Jahn-Teller 
effect. The results confirm that the main exchange paths 
between the magnetic ions are formed in the ab planes 
by d x 2_ y 2 orbitals 1 ", which directly overlap with orbitals 
of pyrazine ligands, creating a quasi-2D network of ex- 



change coupled Cu 2+ ions. 

The temperature evolution of the ESR spectra in 
[Cu(pyz) 2 (HF 2 )]PF 6 measured at 90 GHz for B\\c is 
shown in Fig. |U The temperature dependence of the res- 
onance field, the linewidth, and the integrated intensity 
of the ESR lines in fields applied parallel and perpen- 
dicular to the ab plane are shown in Fig. (Ha)-(b) and 
Fig. [S] It is evident that in the vicinity of the ordering 
temperature (Tjy ~ 4.6 K at 3 T), a region of enhanced 
short-range spin correlations is entered and both the res- 
onance field and the linewidth change dramatically. It is 
important to mention that the integrated ESR intensity 
is proportional to the dynamic spin susceptibility. In Fig. 
O the temperature dependence of M/B (measured us- 
ing a SQUID magnetometer with applied magnetic field 
B = 3 T), the integrated ESR intensity, and the mag- 
netic susceptibility calculated for a 2D Heisenberg AF 
syste m 16 ' 20 are presented. The results of the calculations 
are in good agreement with our experimental data above 
Tjv for J/ks = 12.8 K, proving the crucial role of 2D 
spin correlations in [Cu(pyz) 2 (HF 2 )]PF 6 . 

The frequency-field diagram of the ESR signals is pre- 
sented in Fig. [JJ Well above the critical temperature 
(T = 15 K), we observe only one resonance mode for each 
orientation, B\\c and -B||a6, as shown in the inset of Fig. 
[JJ The frequency-field dependence of the these modes 
corresponds to transitions between the energy levels of 
the S = \ Cu 2+ ions and can be described by hu — g^sB 
with g c — 2.28 and g a b = 2.05. 

The ESR excitation spectrum changes dramatically be- 
low TV, as shown for T — 1.3 K in Fig. [7J Two modes, 
oj\ and u)2, are observed when the magnetic field is ap- 
plied in the ab plane. For B\\c, a nonlinear dependence 
of the mode W4 was observed. Most importantly, in the 
ESR excitation spectrum the AF resonance gap was de- 
termined by us directly, A = 43 GHz (w 2 K) at B = 0. 
Such a frequency-field diagram is a textbook example 
for magnetic excitations in a system with collinear 3D 
AF long-range order and easy-plane anisotropy^i The 
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FIG. 6: (Color online) Temperature dependence of M/B mea- 
sured at B — 3 T (open symbols) and the integrated intensity 
obtained from ESR data measured at v = 90 GHz (full sym- 
bols). The data are presented together with the calculated 
results (solid line) for a 2D square-lattice Heisenberg AF sys- 
tem with J/fc s = 12.8 KM^- 
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FIG. 5: (Color online) Temperature dependence of the res- 
onance field (a) and linewidth (b) obtained from ESR data 
measured at v = 90 GHz for a magnetic field aligned parallel 
(empty squares) and perpendicular (empty circles) to the ab 
plane. The transition temperature, TV = 4.64 K, as obtained 
from specific-heat measurements at 3 T for B||o6 (Fig. [3]) is 
shown by the dotted line. 

frequency-field dependence of the antiferromagnetic res- 
onance modes can be calculated using the mean-field 
approximation^ 

wxh = B, (3) 
w 2 /7 = V2B A B E -(B A /2B E )B 2 , (4) 
for magnetic fields applied parallel to the easy plane and 

w 3 / 7 - 0, (5) 
= ^/2B A B E + {1-B A /2B E )B^ (6) 

for magnetic fields applied perpendicular to the easy 
plane, where 7 = g^s/h is the gyromagnetic ratio, B E 
and B A are the exchange and anisotropy field, respec- 
tively. Our results clearly show that below Tjv the ab 
plane is the easy plane, along which the magnetic mo- 
ments are aligned at B = 0. The frequency- field diagram 
was analyzed using the Eqs. fl3]) - © . The best fit was ob- 
tained for B E = 18.72 T and B A = 0.05 T. The exchange 
field, B E , is related to the exchange coupling by the sim- 
ple relation B E = ASJ/hj and yields J/k E = 12.9 K, 
which is in perfect agreement with the value of the intra- 
plane exchange coupling obtained from our magnetiza- 
tion and specific-heat measurements. Noticeably, using 
ESR data, the anisotropy constant (~ 0.3% of the ex- 
change interaction) can be estimated, revealing the valid- 
ity of isotropic quasi-2D S=l/2 Heisenberg model applied 
to [Cu(pyz) 2 (HF 2 )]PF 6 . 



IV. CONCLUSION 

Our comprehensive specific-heat, high-field magneti- 
zation, and ESR studies revealed the important role of 
2D spin correlations on the magnetic properties of the 
S = 1/2 quasi-2D Heisenberg AF [Cu(pyz) 2 (HF 2 )]PF 6 . 
The observation of two AF resonance modes below Tjv 
confirms the presence of a 3D collinear AF long-range 
ordered state with an energy gap of A = 43 GHz in 
the magnetic excitation spectrum and A/ J ~ 0.003 for 
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FIG. 7: (Color online) Frequency-field diagram of the ESR ex- 
citations measured at T — 1.3 K for a magnetic field aligned 
parallel (triangles) and perpendicular (circles) to the ab plane. 
The signals wi, u>i, and LJ4 correspond to AF resonance modes 
of a 3D ordered AF system with easy-plane anisotropy calcu- 
lated as described in the text. The inset shows the ESR modes 
observed above the ordering temperature. These modes can 
be described as transitions between the energy levels of Cu 2+ 
ions by the equation hv = gpisB. 
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the anisotropy/exchange interaction ratio. The presence 
of a field-induced XY behavior has unambiguously been 
identified by the observation of a peculiar non-monotonic 
field dependence of the ordering temperature. 
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